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Decomposition of animal bodies in the burial environment plays a key role in the
biochemistry of the soil, altering the balance of the local microbial populations present
before the introduction of the carcass. Despite the growing number of studies on
decomposition and soil bacterial populations, less is known on its effects on fungal
communities. Shifts in the fungal populations at different post-mortem intervals (PMIs)
could provide insights for PMI estimation and clarify the role that specific fungal taxa
have at specific decomposition stages. In this study, we buried pig carcasses over a
period of 1- to 6-months, and we sampled the soil in contact with each carcass at
different PMIs. We performed metabarcoding analysis of the mycobiome targeting both
the internal transcribed spacer (ITS) 1 and 2, to elucidate which one was more suitable
for this purpose. Our results showed a decrease in the fungal taxonomic richness
associated with increasing PMIs, and the alteration of the soil fungal signature even
after 6 months post-burial, showing the inability of soil communities to restore their
original composition within this timeframe. The results highlighted taxonomic trends
associated with specific PMIs, such as the increase of the Mortierellomycota after 4-
and 6-months and of Ascomycota particularly after 2 months, and the decrease of
Basidiomycota from the first to the last time point. We have found a limited number of
taxa specifically associated with the carrion and not present in the control soil, showing
that the major contributors to the recorded changes are originated from the soil and
were not introduced by the carrion. As this is the first study conducted on burial graves,
it sets the baseline for additional studies to investigate the role of fungal communities
on prolonged decomposition periods and to identify fungal biomarkers to improve the
accuracy of PMI prediction for forensic applications.
Keywords: microbial ecology, next-generation sequencing, fungal communities, necrobiome, post-mortem
interval, vertebrate decomposition, forensic science
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INTRODUCTION
The introduction of a cadaver in a terrestrial environment has a
strong effect on the ecosystem, providing a nutrient-rich source
of food that is consumed by plants and scavengers, and generating
an impact on the overall soil microbial dynamics (Barton et al.,
2013). Changes in the microbial community can be used as an
indicator of the time elapsed since death (also known as post-
mortem interval, PMI) of the carrion, particularly in case of
cadavers exposed on the soil surface (Hawksworth and Wiltshire,
2015; Bellini et al., 2016; Javan et al., 2016; Javan and Finley, 2018;
Metcalf, 2019). Evaluating the PMI is a key factor in forensic
investigations as it can provide important information on the
timing and hence circumstances of death. However, numerous
taphonomic factors (Christensen et al., 2014) play a significant
role in the decomposition of organic remains, making the correct
estimation of the PMI more challenging and limited in its
accuracy, particularly in the case of heavily decomposed remains
(Swift, 2006). For this reason, there is a requirement for the
development of additional tools to improve the estimation of the
PMI, which could complement existing ones (for an overview
of the methods available for PMI estimation using microbiota
see Metcalf, 2019). Recently, several independent studies have
demonstrated the applicability of this type of study to the
estimation of PMI by investigating the effects of different hosts
(e.g., decomposing human, Parkinson et al., 2009; Cobaugh et al.,
2015; Finley et al., 2016; Metcalf et al., 2016b; Szelecz et al., 2018;
swine, Pechal et al., 2013; Guo et al., 2016; Procopio et al., 2018a;
or rodents, Metcalf et al., 2013, 2016b; Guo et al., 2016), different
burial conditions (e.g., exposed on the surface, Parkinson et al.,
2009; Metcalf et al., 2013, 2016b; Pechal et al., 2013; Cobaugh
et al., 2015; Finley et al., 2016; Guo et al., 2016; Szelecz et al.,
2018 or shallow burials, Finley et al., 2016; Procopio et al., 2018a),
different environments (e.g., indoor laboratory environments,
Metcalf et al., 2013, 2016b or outdoor environments in different
geographical locations, Parkinson et al., 2009; Pechal et al., 2013;
Cobaugh et al., 2015; Finley et al., 2016; Guo et al., 2016;
Metcalf et al., 2016b; Procopio et al., 2018a; Szelecz et al., 2018),
and different substrates (e.g., in/on the carcass, Metcalf et al.,
2013, 2016b; Pechal et al., 2013; Guo et al., 2016; Szelecz et al.,
2018 or in the cadaver-associated soil, Parkinson et al., 2009;
Metcalf et al., 2013, 2016b; Cobaugh et al., 2015; Finley et al.,
2016; Procopio et al., 2018a; Szelecz et al., 2018). In general, it
has been shown that, despite the obvious differences between
different experimental designs, some microbial taxa are regularly
associated with specific decomposition stages, and that specific
taxa appear or increase in abundance at selected time points post-
mortem in a similar manner across several independent studies
(Procopio et al., 2018a; Metcalf, 2019). These results motivate
additional research to improve the methods and to explore
the possibility of applying this methodology in medico-legal
investigations (Metcalf, 2019).
Metabarcoding analysis of soil microbial communities has
been the subject of numerous studies not only in soil ecology
and biochemistry, but also in forensic science, particularly due
to the advent of next-generation sequencing (NGS) technologies
that allow the characterization of the soil microbiome for
numerous applications (Zhou and Bian, 2018). Metabarcoding
refers to the characterization of operational taxonomic units
(OTUs) by targeting specific “barcodes” in the microbial genome
(Orgiazzi et al., 2013, 2015), either the bacterial one (selectively
amplifying the hypervariable regions of the16S rRNA gene,
e.g., V4) (Klindworth et al., 2013) or the fungal one [targeting
the internal transcribed spacer (ITS) genomic regions] (Schoch
et al., 2012). These approaches usually involve DNA extraction
from soil, amplification via polymerase chain reaction (PCR)
of a genomic region of interest (e.g., the “barcode” region),
sequencing of the resulting amplicons, bioinformatic processing
of the information and taxonomic evaluation of the analyzed
samples (Taberlet et al., 2012).
Using microbes to estimate PMI is particularly promising
(Metcalf, 2019) and may have particular utility when the body
is heavily decomposed (e.g., dry or skeletonised remains) due
to the current difficulty in the estimation of a precise PMI for
skeletonised remains. In fact, in those cases PMI estimation often
relies on the morphological examination of the remains, thus
lacking objectivity and quantifiability, and numerous variables
(e.g., temperature, humidity, exposure to sun, presence/absence,
and type of soil) can strongly affect and ultimately impair
the correctness of the estimations (Buekenhout et al., 2018).
However, only in a few cases were long time frames investigated
via microbial metabarcoding (Cobaugh et al., 2015; Finley et al.,
2016; Metcalf et al., 2016b; Procopio et al., 2018a), leaving gaps
in current knowledge. In particular, most previous studies have
focused principally on the bacterial communities, despite some
of them showing the potential of investigating both the bacterial
and the fungal communities (Parkinson et al., 2009; Metcalf
et al., 2016b) to maximize the success of addressing PMI from
a microbial perspective. Parkinson et al. (2009) performed a
combined analysis of both bacterial and fungal communities
in cadaver-associated soil beneath two human cadavers using
terminal restriction fragment length polymorphism (T-RFLP) on
the ITS region. They noted the presence of specific succession
patterns during several decomposition stages, although the
intrinsic limits of the analysis performed did not allow them
to identify specific fungal taxa associated with the observed
temporal trend. Chimutsa et al. (2015) specifically investigated
the fungal community changes in tanks filled with garden soil and
a decomposing domestic pig (Sus scrofa) leg positioned at three
different depths and at three time points after burial (3, 28, and
77 days). The fungal communities were characterized using PCR
and denaturing gradient gel electrophoresis (PCR-DGGE) of the
18S rRNA gene. They did not find any statistically significant shift
in fungal community diversity or numerical dominance in either
the presence or the absence of the carcass, leading the authors
to recommend different approaches such as the use of NGS to
overcome the limitations of their study. Metcalf et al. (2016b)
carried out a wider study including both mice (in laboratory
settings) and decomposing human bodies exposed in outdoor
settings at the Sam Houston State University (Southeast Texas
Applied Forensic Science Facility). They evaluated at different
PMIs the succession of bacteria, archaea, and fungi both on skin
and within the cadaver-associated soil, highlighting the presence
of several patterns characteristic for specific bacterial and fungal
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succession in the grave soil analyzed at increasing PMIs. Fu
et al. (2015) performed metabarcoding analyses of the fungal
communities associated with the decomposition of rat carcasses
at three selected time points, and found significant correlations
between the time elapsed since death and the fungal succession
on the carcasses. More recently, Fu et al. (2019) also performed
a similar experiment on juvenile pigs both exposed in outdoor
conditions (in China, during the summer period, sampled from
day 0 to day 14 post-mortem) and left to decompose indoors as a
proxy to estimate PMI from the fungal shift. Also in this case,
they found trends between specific decomposition stages and
specific fungal taxa, suggesting potential for this type of analysis
to estimate PMI.
Due to the important effect that environmental variables can
have on the decomposition rate (Metcalf, 2019), it is crucial
to perform additional outdoor studies in different geographical
locations in order to test the possibility of building a regression
model for PMI estimation from metabarcoding analyses that may
be suitable for a wide range of environmental conditions, and to
include temperature records in the model to take into account
also the seasonality within the same environment (Metcalf, 2019).
It is unclear whether forensic metabarcoding studies that were
done in other, warmer and drier environments will provide
models that are accurate in Britain with its cooler and less
seasonal climate, and this phenomenon limits the applicability
of the results found by other groups in this country. Britain has
a markedly colder climate than the sites where similar studies
have been conducted so far (e.g., Texas or China) and therefore
it is crucial to investigate the microbial changes associated with
decomposition in this specific environment to potentially obtain
new insights on the estimation of PMI. Furthermore, this type of
study has never been conducted on burial scenarios before, but
only on exposed cadavers on soil; this weakness strongly affects
the potential application of results obtained by other groups when
working on buried remains. For this reason, we performed an
experimental shallow outdoor burial of four pig carcasses at a
rural site within Britain and investigated PMIs ranging from 1
to 6 months. In particular, we collected soil samples from the
graves after 1, 2, 4, and 6 months post-mortem and conducted
metabarcoding analyses on the samples. Our primary aim was
to obtain a complete profile of the fungal populations associated
with specific PMIs, to understand the impact that a buried carcass
has on the soil biodiversity in a climate such as the British one and
to evaluate if similar fungal successions were observed in different
climates and for exposed cadavers. Secondary aims were to
evaluate if there were differences in terms of the performance of
the ITS1 and ITS2 regions of the fungal genome in this study, and
ultimately to make recommendations for the design of similar
experiments in other environmental conditions in the future.
MATERIALS AND METHODS
Experimental Design
The experimental design of the study has been already described
in detail in Procopio et al. (2018a), and is summarized
here. Four juvenile pigs (Sus scrofa) (named P1, P2, P3,
and P4) were buried under approximately 40 cm soil at the
HuddersFIELD outdoor taphonomy facility (University of
Huddersfield, United Kingdom) between May and November
2016. The experiment was conducted in accordance with
the guidelines of the United Kingdom Department for
Environment, Food and Rural Affairs (DEFRA). Animals
used for this study died from natural causes prior to the
experiment and were not euthanized for the purpose of the
research. Soil physicochemical and biological characteristics
on a control sample taken at approximately 40 cm in
depth prior to the burials were undertaken by the C.N.R. –
Institute for the Study of the Ecosystems, Pisa, Italy. Sample
characteristics were electrical conductivity (0.53 dS m−1),
total N (0.448%), total organic C (6.29%), total P (1.95 g/kg),
available P (62.93 mg/kg), NO3− (69.84 mgNO3−/kg), NH3
(1.93 mgNH3/kg), dehydrogenase activity (0.96 µgINTF/gss∗h),
β-glucosidase activity (34 µmolMUB/g∗h), phosphatase activity
(31 µmolMUB/g∗h), arylsulfatase activity (314 µmolMUB/g∗h),
protease activity (15 µmolAMC/g∗h). Pigs of similar age
(3–5 weeks old) and weight (4.5–11 kg), which had died
from natural causes were kept frozen after death until their
burial. Despite the freeze-thawing process having been shown
to have an effect on the anaerobic bacterial communities of
frozen/thawed mice allowed to decompose on the surface (Hyde
et al., 2017), difference in body size between mice and pigs and
in the depositional environment chosen (surface versus burial)
make these findings potentially not applicable to our study.
Furthermore, the effects of changes in the bacterial biota on
the fungal community are not known, so despite there may be
a change in the fungal community (due to the competition of
bacteria and fungi for the same carcass), no one has demonstrated
whether this actually occurs. The experiment time was set to
zero when the cadavers were allowed to de-frost and were placed
within soil graves, and subsequently each pig was left in the
grave for a specific amount of time post-mortem (P1 = 1 month,
P2 = 2 months, P3 = 4 months, and P4 = 6 months). The
decomposition stages and the morphological aspects of the
carcasses were evaluated and described in Procopio et al. (2018a).
Briefly, after 1 month, P1 was in putrefaction, but overall the
carcass shape was still recognizable; after 2 months, P2 was
in the putrefaction/liquefaction stage of decomposition with
bones still attached to ligaments; after 4 months, P3 was partially
skeletonised with still some soft tissues present; after 6 months,
P4 was fully skeletonised and disarticulated.
At each selected PMI, the graves were excavated and the
carcasses sampled to collect soil samples for the metabarcoding.
Soil samples in contact with the superior surface of the carcass
(taken from the fore-limb area, the abdominal area and the
hind-limb area of the body to maximize the microbial varieties
sampled, e.g., taking into account potential microbial differences
associated with different anatomical areas) were pooled in
one bag per individual/burial at the selected PMI, and frozen
at −20◦C after their collection until further analysis. Three
technical replicates per bag (i.e., one bag per grave) were
subsampled from each bag and used for metabarcoding analyses.
Additionally, control soil samples (taken at similar soil depths
but without a carcass being present) were collected at locations
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2 and 6 m away from the graves in order to exclude microbial
contaminations from the graves. The control samples were
obtained concurrently with the last sampling performed in
November 2016 (6 months PMI), to provide a representative
record of the background microbial activity within the field used
for the experiment without direct microbial contamination from
the graves. According to Metcalf et al. (2016b), the observable
differences within the microbial community associated with the
close proximity of a decomposing body are larger and more
significant than those caused by variations in local environmental
conditions (linked with seasonality, temperature, and rainfall).
For this reason, our control samples were collected at different
distances from the graves but at a single time point. Control
soil samples were frozen at −20◦C until further analysis.
Metabarcoding samples totaled 18 (three samples per grave plus
six controls). Soil pHs were recorded and reported in Procopio
et al. (2018a), as well as soil temperatures and local temperatures
and rainfalls (Procopio et al., 2018b).
DNA Extraction, Amplification, and
Sequencing
In order to characterize the fungal communities in the most
efficient and reliable way, we targeted both ITS1 and ITS2
according to Mello et al. (2011). In fact, previous works showed
contrasting results when dealing with ITS1 or ITS2. While Blaalid
et al. (2013) obtained similar results when using either ITS1
or ITS2 to perform fungal metabarcoding with environmental
data, Banchi et al. (2018b) showed discrepancies and biases
in the detection of Basidiomycota when ITS1 or ITS2 were
used as metabarcode for lichen mycobiomes, and suggested
the complementary analysis of both ITS1 and ITS2 to reliably
estimate the taxonomic diversity of the samples. In similar
studies, Wang et al. (2015) concluded conversely that ITS1
provides a better DNA barcode than ITS2 allowing a better
species discrimination efficiency, whereas the ITS2 has been
specifically selected and preferred to ITS1 in another study to
catch fungal diversity in airborne samples (Banchi et al., 2018a).
It is clear that an a priori choice of the region/s to target was not
ideal, and for this reason, our analysis of the fungal communities
targeted specifically both the ITS1 and the ITS2 regions.
Genomic DNA was extracted from 500 mg of soil sample
using the FastDNA SPIN Kit for Soil (MP Biomedicals, Europe),
following the guidelines provided by the manufacturer, and
fungal communities were specifically targeted amplifying the
ITS regions in the nuclear ribosomal repeat unit ITS1 and
ITS2. Forward ITS1-F (CTTGGTCATTTAGAGGAAGTAA)
and reverse ITS2 (GCTGCGTTCTTCATCGATGC)
primers for ITS1 (Gardes and Bruns, 1993) and forward
fITS9 (GAACGCAGCRAAIIGYGA) and reverse ITS4
(TCCTCCGCTTATTGATATGC) primers (Sigma-Aldrich,
United Kingdom) for ITS2 (Ihrmark et al., 2012 and White et al.,
1990, respectively) were used in combination with 8 bp unique
tags (Supplementary Table S1). The expected amplicon size was
∼250–600 bp for ITS1 (Bokulich and Mills, 2013; Hoggard et al.,
2018) and ∼240–460 for ITS2. Primers and tags used for the
subsequent analyses both for ITS1 and for ITS2 amplifications
have been listed in Supplementary Table S2. Degeneracies
were allowed in the primers to decrease eventual biases and
to increase the ability to detect organisms characterized by
slight modifications in their binding site’s sequences. PCR
negative controls were run in each analysis to perform a quality
check of the amplifications and in all cases these controls gave
negative results. PCR reaction mixtures were set up as follows:
12.5 µL master mix (Platinum Hot Start PCR Master Mix
2×, Thermo Fisher, United Kingdom), 0.5 µL forward primer
(10 µM), 0.5 µL reverse primer (10 µM), and 0.5–1.5 µL
(2.0–5.0 ng/µL) template DNA in a final reaction volume of
25 µL. The thermal cycler (T3000, Biometra GmbH, Göttingen,
Germany) conditions were set up as follows: denaturation at
94◦C for 2 min; 35 cycles of denaturation at 94◦C for 30 s,
annealing at 52◦C for 40 s, and extension at 68◦C for 30 s;
final extension at 68◦C for 10 min and maintenance of the
samples at 4◦C. The PCR products obtained were checked on
1.5% (w/v) agarose gels (Sigma-Aldrich, United Kingdom),
purified (Wizard SV Gel and PCR Clean-UpSystem, Promega,
United Kingdom), quantified with Qubit (Qubit Fluorometric
Quantitation, Thermo Fisher Scientific, United Kingdom) and
sent to IGA Technology Services (Udine, Italy) for paired-end
sequencing using the Illumina MiSeq technology (2 × 300 bp).
The company ligated our tagged PCR products with a couple of
Illumina adapters, and generated two libraries named “Library
A” and “Library B” for ITS1 and ITS2, respectively, due to the
different length of the amplicons expected for ITS1 and ITS2 as
previously mentioned.
DNA Data Analysis
Paired−end reads from each library were merged using Pear
v.0.9.2 (Zhang et al., 2013), with the quality score threshold for
trimming the low−quality part of a read set at 28, the minimum
length of reads after the trimming process set at 200 bp and
the minimum possible length of the assembled sequences set
at 200 bp. Unix bash commands were used to select assembled
sequences beginning with recognizable forward primer (no
mismatch allowed), to trim initial and terminal 19 and 20 bases
(corresponding to forward and reverse primers, respectively) and
to assign a sample specific progressive count to each fragment.
Assembled sequences from each library were clustered into OTUs
using a de novo clustering strategy with QIIME v1.91 (Caporaso
et al., 2010) and VSEARCH1 v2.3.4 (Rognes et al., 2016) at
97% similarity. Taxonomic assignment to OTUs was performed
using the full “UNITE + INSD” dataset v.8.2 (released 2019-
02-02; Nilsson et al., 2019) as a reference, and using BLAST
and UCLUST, implemented in QIIME, as assignment methods.
A consensus of the two assignment methods has been manually
inspected and edited by mycologists and used for subsequent
statistical analyses.
Statistical Analyses
Numerical ecology statistical analyses were performed
within the computing environment R2 (R Core Team,
2013). As previously described in Procopio et al. (2018a),
1https://github.com/torognes/vsearch
2https://www.R-project.org/
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control samples collected from two different locations were
extracted in triplicate (replicate #1, #2, and #3) from each
location (overall six DNA samples extracted), and during
the data analysis they have been unified arbitrarily into
a single control sample, summing up the reads of each
of the three replicates to obtain our three replicates for
control samples.
A number of filtering steps were applied to gather the
final OTU dataset: OTUs with fewer than 50 reads were
filtered out as well as samples with fewer than 20 reads and
OTUs showing a coefficient of variation greater than 3.0 were
also removed.
In order to standardize sampling efforts and to allow
for comparisons of samples with non-uniform coverage, the
OTU table has been normalized by subsampling at even
sequencing depth from each sample using the minimal number
of sequences obtained between the two libraries as value for the
rarefaction (59,413 sequences) by means of the rarefy_even_depth
function in the R package phyloseq V.1.22.3 (McMurdie and
Holmes, 2013). The rarefaction effects on an OTU table are
commonly rendered by means of the rarefaction curves, in
order to graphically estimate species richness. Raw species
richness counts can only be compared when the species
richness has reached a clear asymptote; all the species present
in a sample are well described when the curve ascribed
to each sample reaches its plateau. Rarefaction curves were
rendered by means of the function ggrare, provided by the
richness. R script from the phyloseq extension package by
Mahendra Mariadassou3. All taxon abundances were calculated
and graphically plotted using the R package phyloseq v.1.28.0
(McMurdie and Holmes, 2013).
Biodiversity analyses were carried out by comparing the
richness (number of species) and evenness (richness taking
into account relative abundances) of microbial communities
of the PMIs. Within-sample (alpha) diversity was assessed
by six estimators: “observed number of species,” “Chao1,”
“abundance-based coverage estimators (ACE),” “Shannon,”
“Simpson,” “Fisher.” The alpha diversity indices were calculated
and plotted by means of the functions estimate_richness
and plot_richness implemented in the R package phyloseq
(McMurdie and Holmes, 2013).
In order to test whether communities were statistically
different from each other, a multivariate homogeneity of group
dispersions among the different Control and PMI groups was
first assessed by means of the betadisper and permutest (with
9,999 permutations) functions in the R package vegan V.2.5.2
(Oksanen et al., 2018). The differences in the composition
of fungal communities in PMIs for both libraries were
rendered by means of a nonmetric multidimensional scaling
ordination (NMDS), to visualize Bray–Curtis distances, using
the functions vegdist and metaMDS in the R package vegan
(Oksanen et al., 2018).
The permutational multivariate analysis of variance
(PERMANOVA, 9,999 permutations), as implemented in
the adonis function of the vegan package of R (Oksanen
3https://github.com/mahendra-mariadassou/phyloseq-extended
et al., 2018), were applied to assess whether communities
were statistically different from each other. Indicator species
analysis [a classification-based method to measure associations
between species and groups of sites (Dufrêne and Legendre,
1997)] was carried out using the multipatt function in the
indicspecies v.1.7.6 R package, with 9,999 permutations (Cáceres
and De Legendre, 2009) in order to assess whether OTUs
(and if so, which ones) were significantly associated with
a particular PMI.
To explore the shifts in the fungal basal communities
at different decomposition stages, we evaluated which
families showed statistically significant differences in the
alpha diversity using the Kruskal–Wallis test and the
Dunn’s pairwise tests, and in beta diversity and in the
abundances at different PMIs applying the Student’s t-test
with Benjamini and Hochberg False Discovery Rate (FDR)
correction (Benjamini and Hochberg, 1995) with the T.TEST
and P.ADJUST functions in R. This correction generated
both p values and adjusted p values (q values), that were
used to evaluate the statistical significance of the results
reported in the work.
RESULTS
Metabarcoding Analysis of Soil Fungi
Within the 18 samples analyzed, we respectively obtained
1,529,090 sequences after Library A pre-processing and
1,827,776 sequences after Library B pre-processing. Soil
controls yielded overall 1,144,877 sequences (from 71,600
to 102,938 for Library A and from 46,536 to 141,094 for
Library B), while grave soil samples yielded overall 2,211,989
sequences (from 60,085 to 113,214 for Library A and from
67,102 to 140,992 sequences for Library B). After the de
novo clustering, sequences with 97% identity were clustered
providing 1,640 initial OTUs for Library A and 2,569 initial
OTUs for Library B. We identified overall two kingdoms
within Library A and 12 within Library B (Supplementary
Table S2), showing that the ITS2 pair of primers allowed
wider amplification spectrum than the ITS1 pair. OTUs
belonging to “Fungi” kingdom were respectively 99.7% in
Library A (1,264 out of 1,268) and 81.8% in Library B (1,543
out of 1,885); all the OTUs belonging to different kingdoms
were not considered for further analyses. Also, in terms
of the number of reads, Library A showed slightly fewer
reads for Fungi (∼1,500,000) than Library B (∼1,700,000),
as well as fewer OTUs than Library B (Supplementary
Figure S1). After the filtration step that removed OTUs
whose cluster size was smaller than 50 reads (overall 601
OTUs for Library A and 857 OTUs for Library B were
withheld after the filtration) and OTUs whose Coefficient of
Variation was greater than 3.0, we obtained a final number
of 571 OTUs for Library A and 749 OTUs for Library B
(Supplementary Data S1). The sequence coverage obtained
for both libraries showed adequacy for the proposed study
(Supplementary Figure S2) and that, for both libraries,
the control samples were the highest in terms of species
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richness, followed by P1, and then by P2–P4 that showed
similarities to each other.
Fungal Community Changes During
Progressive Stages of Decomposition
To account for richness and evenness of the microbial taxa
associated with different PMIs, we calculated the Shannon–
Wiener index and used boxplots to represent the species
distribution among samples, with replicates grouped together
in terms of raw species number (Figure 1). Other indices for
alpha diversity such as Chao1, ACE, Simpson’s and Fisher’s
index have been also applied, as recommended by Bandeira
et al. (2013), in order to better define the communities
(Supplementary Figure S3).
The Shannon–Wiener diversity indices (Figure 1A) showed
statistical differences between the mean ranks of the groups
for Library A and B (Kruskal–Wallis test, p = 0.027 and
0.012, respectively). However, after post hoc Wilcoxon test
with Bonferroni correction the only statistical difference found
was between controls and P2 for Library B (q = 0.014). We
also calculated the linear regression models for both libraries
(Supplementary Figure S4). The regression lines calculated for
each library did not meet at any point in the graph, meaning that
the Shannon–Wiener diversity indices for Library A and B were
not statistically different from each other.
Taxonomic richness data were normally distributed (Shapiro–
Wilk test, p = 0.13), and have been consequently evaluated using
an analysis of variance (ANOVA) test (which showed a significant
change for both libraries, p < 0.0001) followed by post hoc Tukey
tests (Table 1).
Library B samples showed smaller standard deviations in
the fungal richness (Figure 1B) and allowed for a better
discrimination between the various time points than Library A.
To test whether fungal communities were statistically different
from each other, we evaluated the homogeneity of dispersion
among groups (Figure 2A) and then ran a PERMANOVA
test. The test provided significant results (p = 1e-04 for
Library A and p = 1e-04 for Library B), thus indicating that
the dissimilarity was influenced by difference in composition
between groups. Consequently, we analyzed the differences in
the taxonomic abundances from different samples to evaluate
the beta diversity between different samples and we used a
NMDS plot to visualize Bray-Curtis dissimilarities (Figure 2B).
Samples collected from the same location clustered better
in Library B, with the only exceptions being for P1 and
P4, where the clusters were less scattered in Library A
(Figure 2B). Overall, P1 was closer to the control, as previously
reported also for bacterial data (Procopio et al., 2018a),
whereas samples collected with increasing PMIs showed an
ordered distribution from the control from the left to the
right on the plot, with P2 being more distant, P3 being
the most distant one and P4 being closer again to the
control (Figure 2B).
To give a comparison of the NMDS ordinations of Bray–
Curtis distances for Library A and B, we performed the Procrustes
FIGURE 1 | (A) Shannon alpha diversity measure of the samples collected after 1 (P1), 2 (P2), 4 (P3), and 6 (P4) months post-mortem for Library A (left) and Library
B (right) and (B) box plot of the fungal richness of soil samples showing the raw number of OTUs per sample for Library A (top) and Library B (bottom), with standard
deviations represented with vertical error bars and medians represented with a bold line in each box.
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TABLE 1 | Post hoc Tukey test results for taxonomic richness calculated for Library A and B.
Library A Control P1 P2 P3 P4 Library B Control P1 P2 P3 P4
Control – p > 0.05 p = 0.001 p = 0.001 p = 0.001 Control – p = 0.001 p = 0.001 p = 0.001 p = 0.001
P1 p > 0.05 – p = 0.004 p = 0.001 p = 0.017 P1 p = 0.001 – p = 0.001 p = 0.001 p = 0.001
P2 p = 0.001 p = 0.004 – p > 0.05 p > 0.05 P2 p = 0.001 p = 0.001 – p > 0.05 p = 0.001
P3 p = 0.001 p = 0.001 p > 0.05 – p > 0.05 P3 p = 0.001 p = 0.001 p > 0.05 – p = 0.003
P4 p = 0.001 p = 0.017 p > 0.05 p > 0.05 – P4 p = 0.001 p = 0.001 p = 0.001 p = 0.003 –
Non-significant values have been reported in red. Significant values are reported in green.
FIGURE 2 | (A) Boxplot showing Bray-Curtis dissimilarity of the replicates from the centroid for specific PMIs for Library A (top) and Library B (bottom) and (B) NMDS
plot showing an increase in beta diversity between the control soil and the grave soil, represented by expanded ellipses for P1, P2, P3, and P4 (P1 = 1 month,
P2 = 2 months, P3 = 4 months, and P4 = 6 months). Standard deviation is represented by the dimension of the ellipses. Library A is at the top of the figure, and
Library B at the bottom. The homogeneity of dispersion among groups was supported by a non-significant result in permutest (p-value = 0.48 for Library A and 0.31
for Library B).
analysis that provides a plot where the same samples are
connected by vector arrows. Results showed that the degree of
concordance between Library A and B is statistically significant
(p = 1e-04), meaning that the ordination of the data is similar
between the two libraries (Supplementary Figure S5).
To characterize the differences found between the samples,
we looked at the relative abundance of phyla (Supplementary
Figure S6). Due to the incompleteness of the database for
fungal species, we were not able to identify all of the species
sequenced, and so we had to accept some unidentified phyla
in the data.
When looking at specific PMIs, there were some noticeable
trends with increasing time elapsed since death at phyla
(Figure 3) and family level (Table 2, Figure 4, Supplementary
Figure S7, and Supplementary Data S2). Ascomycota showed
a notable increase in abundance after 2-months and a decrease
after 4- and 6-months post-mortem compared with the controls
for both libraries, despite their abundance decreasing after
2-months and slowly starting to increase again from 4-months
onward. In particular, abundance of Pyronemataceae increased
significantly in P2 in comparison with the control, and decreased
after 4 months post-mortem. Abundance of Melanommataceae,
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FIGURE 3 | Bar chart with abundances of taxa at a phylum level associated with control soil and with the experimental samples in Library A (top) and Library B
(bottom). The order of the phyla represented in the legend is the same of the bars in the plot.
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TABLE 2 | Families grouped according to their phylum showing statistical differences between the control and the various time points (P1 to P4).
Library A Library B
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Onygenaceae – ↓
p = 0.002
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p = 0.004
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Zygomycota
Mortierellaceae – – – ↑
p = 0.003
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Basidiomycota
Entolomataceae – – – – – ↓
p = 0.005
– –













Statistical significance was calculated via Student’s t-test with False Discovery Rate (FDR) correction. Results reported here were selected for p value ≤ 0.005. The
symbol “↑” indicates an increase in comparison to the control, and the symbol “↓” a decrease. Non-significant values have been reported with the symbol “–.”
Bionectriaceae, Massarinaceae, Onygenaceae, Pseudeurotiaceae,
Coniochaetaceae, Gymnoascaceae, Chaetomiaceae, and
Nectriaceae on the other hand showed a decline in P2, P3, and
P4 compared with the control. Basidiomycota, with in particular
Entolomataceae and Psathyrellaceae, constantly decreased with
increasing PMIs. Mortierellomycota increased in abundance in
P1 (in particular the Mortierellaceae family), then decreased in
P2 and were the most abundant phylum at P3 and P4.
Identification of Endogenous Mammalian
Fungal Communities and Basal
Communities
In order to identify specifically basal fungal communities that
vary depending on the PMI of the bodies, excluding the taxa
introduced in the cadaveric soil by the carcass (e.g., skin
fungi present in and on the bodies), we evaluated which
taxa were uniquely present in the cadaveric soil and not in
the control samples, and then excluded these unique OTUs
from the analysis of the “basal community.” In summary, for
Library A we found 569 different OTUs present within the
basal microbiome (Supplementary Data S3) and only two
taxa specifically associated with the bodies (not identified in
the control; Supplementary Data S4), and for Library B we
found 735 different OTUs present within the basal microbiome
(Supplementary Data S3) and 14 taxa specifically associated
with the bodies (not identified in the control; Supplementary
Data S4). It can be noted here that primers used for Library
B allowed the identification of a higher number of fungi
OTUs associated with the decomposing carcass than primers
for Library A. For this reason, we will discuss results regarding
the mycobiome introduced by the carcass only with reference
to Library B (Figure 5). The results showed that the carcass’
fungal community that was abundant in soil at the first
time point, almost disappeared with advanced decomposition
stages, apart from some outliers such as the Onygenales order
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FIGURE 4 | Bar chart with abundances of the top 10 taxa at a family level associated with control soil and with the experimental samples in Library A (top) and
Library B (bottom). The order of the families represented in the legend is the same of the bars in the plot.
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FIGURE 5 | Mycobiome associated uniquely with the mammalian carcasses and not identified within the control sample at (A) family level and (B) genus level.
Abundances per each family or genus were reported in different colors (see legend). The order of the families and genus represented in the legend is the same of the
bars in the plot.
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(family “Incertae sedis,” genus Chrysosporium) which were
more abundant in P1 and P3, and the Psathyrellaceae (genus
Coprinellus) which started to increase only after 6 months. The
term “Incertae sedis” found in Figure 5 is a mycological term used
to combine together different taxa which have not been classified
yet into a specific family, and that for this reason can only be
grouped in this way.
Indicator species analysis was also undertaken to evaluate
which species were significantly associated specifically with the
basal microbiome or with the carcasses (significance level = 5%)
(Supplementary Data S5). Overall, the analysis showed that 253
OTUs for Library A and 295 species for Library B contributed
to explain the differences observed between the control and the
grave soil (p value ≤ 0.05), and that two OTUs contributed
significantly to discriminate carrion-associated fungi from the
basal fungal communities for Library B, but none for Library
A. To report only taxa associated with significant increases
or decreases at selected PMIs, we performed a Student’s t-test
with FDR correction. Results obtained were almost identical
to the ones showed in Table 2, with the same families having
significant differences between the control and the various PMIs
(Supplementary Figures S8–S11 and Supplementary Data S6).
DISCUSSION
The introduction of a decomposing carcass in the burial
environment significantly alters the structure of the soil fungal
communities, causing measurable changes such as an overall
decrease in the richness of the fungal community with increasing
PMIs. These findings are similar to what has been already found
for bacteria in the burial environment (Procopio et al., 2018a),
for fungal communities in soil underneath decomposing exposed
pigs (Fu et al., 2019) and for bacterial communities present in
different anatomical locations of human cadavers (Pechal et al.,
2018). This result suggests that the presence of a decomposing
carcass has a negative impact on the diversity of the fungal
communities present in the soil, and the effect is particularly
exacerbated when the body reaches the putrefaction/liquefaction
stage of decomposition, where the least richness has been
recorded. The biotic and abiotic factors in the soil environment
are altered due to the release of organic compounds in the
soil at different decomposition stages (Vass et al., 2004), and
fungal species present in the environment as well as fungi
originating from the microflora of the body are subjected to a
growth inhibition and potentially to inter-specific competition
that can result in sequential changes to the composition of the
fungal community (Parkinson et al., 2009; Pechal et al., 2018).
Fungal communities seem to be more sensitive than bacteria to
alterations of soil environment, with significant reductions in
species richness being already observed between the controls and
the soil collected at the first time point, in contrast to what was
observed for bacteria (Procopio et al., 2018a). Fungi also appear
to start returning toward the original community structure (i.e.,
the one existing previously to the introduction of the carcass)
faster than do the bacteria (Procopio et al., 2018a), as shown by
the significant increase in the taxonomic richness of the samples
collected after 6 months PMI. This finding could be due to
their reduced sensitivity to strict pH parameters in comparison
with bacteria (Finley et al., 2015) and to their potential better
adaptation to new environments (Selbmann et al., 2013). Despite
the quicker return to the original conditions for fungi compared
to bacteria, more than 6 months appeared to be necessary for
both fungi and bacteria to return to their original “basal” state; an
observation that may be particularly useful in the investigation of
clandestine movements of buried bodies from their original grave
to a secondary grave.
We were able to identify specific trends for different phyla that
might be good indicators for specific PMIs of buried cadavers.
In particular, we found a significant increase in the abundance of
Pyronemataceae (Ascomycota) after 2-months PMI that may be
specific to buried cadavers. In fact, the increase of the abundance
of Ascomycota during the first stages of decomposition was not
reported by Fu et al. (2019) within soil collected underneath
exposed pig cadavers. Ascomycota are decomposers able to break
down the animal tissues into major organic compounds, and they
have already been identified as fungal decomposers particularly
active during the active decay of the carcass (Metcalf et al., 2016a).
Recently, Bruns et al. (2020) have postulated that the post-fire
microbial habitat is structured by a thermo-chemical gradient,
which cause two main effects: a temperature gradient that causes
differential mortality with soil depth, and a chemical gradient that
structures resources available to recolonizing microbes. On this
basis, we can postulate that the rise of temperature originated by
the decomposition process in the burial environment that, even
if lower than that caused by a fire, is extended in time (e.g., at
least 2 months in our study), could cause the same effects, thus
leading to the strong presence of fungi belonging to the family
Pyronemataceae recorded here.
Basidiomycota on the other hand showed a constant decrease
in their abundance starting from a greater amount and variety
of families in control samples and ending in a significantly lower
amount with prolonged PMIs. This result is in contrast with that
of Metcalf et al. (2016a), who suggested that Basidiomycota are
particularly abundant during the active decay stage, but is in
agreement with Fu et al. (2015), who noticed a decrease in the
abundance of this phylum in the rectum of decomposing rats with
increasing time after death. In our case, the carcasses reached
the active stage of decomposition between 1 and 2 months,
but Basidiomycota decreased rapidly with the introduction
of the carcass into the soil (from control to P1), with the
Piskurozymaceae family being the most abundant one after
1 month, and with all the families, including Entolomataceae
and Psathyrellaceae disappearing completely after 2, 4-, and
6-months post-mortem, suggesting their limited role during
the active decomposition of the carcasses in this study.
The same happened for the Glomeromycota phylum, where
Diversisporaceae constantly decreased from P2 onward.
Mortierellomycota, and in particular the Mortierellaceae
family, were previously found to be particularly active in between
the active decay and the dry remains stages (Metcalf et al., 2016a).
Our results are partially in agreement with this finding, with an
increase of Mortierellaceae in P3 and P4, however, we also found
an increase from the control to P1, suggesting that they also may
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have a role during the early decomposition stages of the carcasses,
particularly when in the presence of buried carcasses.
We did not find an increase in Zygomycota and in
Chytridiomycota with time, as found in contrast by Fu et al.
(2015) in the rectum of decomposing rats, indicating that the
soil fungal communities may act in a different way from the
internal communities.
Unfortunately, the very limited amount of metabarcoding
data available on fungal communities associated with cadaveric
decomposition does not allow us to perform a comprehensive
comparison between different studies. However, we found some
similarities with the results of the study conducted by Metcalf
et al. (2016a) on human cadavers in Texas, also with the
one conducted by Fu et al. (2015) on rat carcasses in China
and with the subsequent study conducted by the same group
on exposed pigs (Fu et al., 2019), despite the fact that in
all cases these studies were conducted with exposed remains
instead of with buried ones as was the case in our study.
So, it could be argued that the fungal succession during the
various decomposition stages appears reproducible and reliable
despite different geographical areas, different carrion species and
different post-mortem conditions (e.g., buried vs non-buried).
This highlights the potential for this type of analysis to provide
a complementary fungal “clock of death” similar to the one
already proposed for bacteria (Metcalf et al., 2013), provided
that further studies are conducted in different geographical areas,
with a higher number of timepoints and in different depositional
environments in order to build a regression model that could
assist in the prediction of the PMI.
Considering the fungal taxa introduced into the burial
environment by the carcass, we noticed that the cadaveric soil is
not a favorable environment for the survival and for the growth
of these introduced species, and that overall fungi introduced
by the body are replaced by soil fungi in less than 2 months.
Similar findings were presented also by Fu et al. (2019), who
showed that the variety of soil fungi present after 1-day post-
mortem was higher than the one found during the decomposition
of the carcasses. An example of this is represented by the
Cladosporiaceae family. This family has been found to be a
physiologic inhabitant of the intestine of the pig (Hurst, 2016),
and our results showed that Cladosporiaceae species are not able
to survive with advancing decomposition stages. Surprisingly,
we did not find evidence in living pigs for the other families
found to be abundant in P1, raising a question around the
decrease, and then the eventual increase after several months, of
some of these fungal families in the cadaveric soils. Interestingly,
specific members of the Mortierellaceae family were found to be
more abundant in P1 and then disappeared at prolonged PMIs.
Although this may seem to contradict the previous findings, it
should be noted that the specific taxa mentioned in this section of
the work are the ones not found in the control soil and exclusively
brought in by the carcass itself. So, despite some taxa of this family
not being able to survive after prolonged PMIs, other members of
the Mortierellaceae family already present in the soil showed the
ability to take advantage of the organic nutrients released with
the decomposition of the carcasses to become the most abundant
species in the cadaveric soil after 4- and 6-months post mortem.
When looking for species significantly associated specifically
with the basal microbiome or with the carcasses, only two
OTUs were found to have contributed to discriminate carrion-
associated fungi from the basal fungal communities, proving
how limited the contribution to the soil fungal communities
introduced by the carrion is, and supporting the potential
to extend these findings to future applications involving the
presence of other carrions (including humans).
In order to achieve fungal taxonomic identification, ITS1
and ITS2 loci are normally the standard sequences of choice,
despite different authors having contrasting opinions regarding
their efficiency and, in particular, about which one is the
best performing one. When comparing the performance
of ITS1 and ITS2 loci, we found sometimes specific results
for the specific library investigated (e.g., some families
were found to be statistically significant only for one of
the two libraries), but the trends found were always in
agreement between the two (e.g., Massarinaceae decreased
constantly and significantly both for Library A and B). Overall
results showed that ITS1 and ITS2 performed similarly
in the characterization of the various samples, despite the
lower variation between the replicates found for ITS2 in
comparison with ITS1.
CONCLUSION
This study has shown that shifts in the fungal communities
present in the grave soil of pig carcasses, like the results
for bacterial communities, have the potential to reveal
information about the PMI of buried carcasses from 1- to
6-months post mortem. Here we were able to demonstrate
that specific fungal families, such as the Mortierellaceae or
the Massarinaceae, may be ideal for the estimation of the
PMI, providing that additional research with additional
bodies and time points is done to confirm the findings
presented here. According to our results, the decrease of
the abundance of Masssarinaceae families in cadaveric soil
compared to a control soil may indicate the presence of
a decomposing body, and the reduction in abundance of
specific Ascomycota families such as Melanommataceae,
Bionectriaceae, Pseudeurotiaceae, Coniochaetaceae, and
Chaetomiaceae, Basidiomycota families such as Psathyrellaceae
and Glomeromycota families such as Diversisporaceae may
indicate the presence of a body in active or advanced
decomposition stages. On the contrary, the presence of
an increased abundance of Pyronemataceae in the soil, in
comparison with a control, may indicate the presence of a
body in the active decomposition stage, whereas an increase
of Piptocephalidaceae might indicate the presence of a body
at the beginning of its decomposition, and the increase of
Mortierellaceae might indicate the presence of a body in an
advanced decomposition stage. We have also shown here that
the specific analysis of the ITS1 or the ITS2 sites provide
similar results, but that the range of data obtained with ITS2
is generally wider when compared to ITS1, allowing for a
better characterization of the distinct PMIs. For this reason,
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we recommend here that in future work either the combination
of the two ITS sites, or exclusively the ITS2 region should be
targeted instead of using the ITS1 only. Despite the constraints
found, including the limited availability of metabarcoding fungal
data in forensic casework and the lack of curated databases,
we were able in this study to provide interesting insights
on the fungal shifts in the burial environment in temperate
climates, finding some good correlations also with the results
of other experiments conducted on different carrion species
and in different environments. Overall, this pilot study showed
the great potential that fungal metabarcoding has for forensic
investigations, and should be the starting point for additional
research to improve the estimation of PMI through the analysis
of changes in soil fungal communities.
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